Alkali ternary lead halides were studied intensively in the past few years, especially due to the great interest in perovskite materials. In this paper we report on novel rubidium lead chloride nanocrystals (NCs) with the formula Rb 6 Pb 5 Cl 16 , which adopt a tetragonal symmetry. The NCs were characterized and found to be active in the UV region, with a band-gap of ~4.05 eV. The roles of the ligands, oleic acid and oleylamine, were investigated and found to strongly affect the morphology and composition of the NCs, through the stabilization of the facilitated crystallization of the ionic precursors. The effective masses were observed by density functional theory (DFT) calculations, using the dielectric function, and the the Bohr exciton radius and exciton binding energy of the NCs were estimated. Morover the results were supported by the DFT calculations for the electronic properties and atomic structure. 
Introduction
Recently, the knowledge about ternary lead halides was increased rapidly with the evolving research about perovskite compounds. Organic-Inorganic and fully-inorganic perovskite materials were studied intensively in the last few years, mostly in the optoelectronic and solar fields. The excellent properties of perovskites as light harvesting materials in the visible spectrum showed a great applicative potential, both in bulk and nanometric forms.
Particularly, the enthusiasm around the fully-inorganic perovskite derived, at first, from stability issues. Eperon et al. reported that replacing the common organic methylammonium (MA) cation with the inorganic cesium cation highly improves the thermal stability of the perovskite, which is a decisive factor in solar cells activity. 1 The major studies of nanometric fully-inorganic perovskite dealt with the Cs-based perovskite.
Protesescue et al. reported on fully-inorganic nanocrystals (NCs) with intriguing optical
properties, bright and sharp emissions, high photoluminescence quantum yields (PLQY), and high absorption coefficients. 2 Few works reported on tuning the composition of the perovskite by replacing certain atoms in the perovskite formula AMX 3 (A-cation, M-divalent metal, X-halide) in order to discover new features and improvements, including mix cation systems. 3, 4, 5, 6 One of the possible A-cation candidates that was suggested to replace the MA cation 7, 3 was the rubidium (Rb) cation, for its advantage as an oxidation- , which determines whether a compound will form perovskite structure or not. 8 Based on the tolerance factor, it was claimed that Rb + , only slightly smaller than Cs + , is too small in order to fit in the cubohedral cage of the Acation in the bulk perovskite structure 3, 9 , according to the perovskite expected formability range 0.813 < t < 1.107. 10, 11 The tolerance factors of RbPbCl 3 , RbPbBr 3 , and RbPbI 3 are 0.785, 0.781, and 0.776, respectively. Apparently, the Rb cation does not fit in the perovskite bulk structure, but on the other hand, the synthesis of nanometric Rb-based perovskite was never been published. The surface chemistry of nanocrystals differs from bulk due to a looser structure, thus it is conceivable that perovskite formation would occur in the nanoscale in different conditions than bulk. For instance, CsPbI 3 was investigated as a light harvesting bulk material in solar cells and found to be very problematic for its unstable cubic black phase and high annealing temperature. 19 , to determine the effective masses, dielectric constant, and the Bohr radius of the NCs.
Results and discussion
The rubidium lead halide NCs were synthesized by a hot injection method according to the Furthermore, the crystal structure of the NCs was investigated via structural analysis. Xray diffraction (XRD) measurement was preformed and the results are presented in figure   2a . figure 1a .
Previous works on CsPbX 3 NCs reported on black spots that appear as a response to the electron beam during the TEM analysis. 22 In this case, the black spots were integrated in the NCs and were observed in "fresh" areas of the TEM grid, with minimal exposure to the beam. Nonetheless, the black spots became clearer and larger with longer exposure to the electron beam along with decomposition of the brighter parts. There is an obvious difference in the contrasts of the grey nanocrystals and the black spots on top of them (figure 1a). This can imply for high concentration of Pb, which have higher electron density than the other atoms in this compound, resulting in a higher contrast.
Dark scanning transmission electron microscopy (STEM) and energy-dispersive x-ray spectroscopy (EDS) were applied in order to confirm the composition of the NCs and the black spots inside the NCs, as can been seen in figure 2b and figure S3. In figure S3 , the To learn more about the influence of the ligands on the features and the crystallization process of the Rb 6 Pb 5 Cl 16 NCs, a study of the ligands' roles was conducted. As described earlier, the ligands ratio in the PbCl 2 precursor solution was 1:1. While keeping the total molar content of both ligands constant, mixtures of OA:OLA in a volume ratios of 1:2 and 1:3 were synthesized and studied. The use of oleic acid and oleylamine pair is well-known in the syntheses of perovskite NCs. 25 There is a dynamic equilibrium of acid/base in similar colloidal systems. 26 In this case, the oleic acid donates a proton to the oleylamine and turns into an oleate anion, as the oleylamine ligand is protonated and turns into an oleylamminium cation. figure S6 ). This strengthens the suggested mechanism that an increase of OLA content enhance the formation of Pb(OH)Cl, repelling Rb-oleate species in the growth processes. For a better insight into this issue, the interaction of the Pb-terminated (001) surface with the oleic acid molecules were simulated. A shorter molecule than the OA molecule was used for the simulation (see figure S7 ), since the COOH group is the functional group, which attached to the NCs surface. Three plausible geometric configurations were assumed ( figure S8 ) and their atomic structures were optimized. Two of these reactions end up with the oxygen atom on top of Rb from a cavity of the triangular shape set by three Pb surface atoms. The formation energy is -2.88 eV in a case when the acid molecule swaps the -OH termination into =O and -H, attached directly to the C atom which lost =O (see figure S7 ). The -OH group can also build the surface; if it takes the position between two Pb atoms, then the formation energy is -2.59 eV (see figure S8 ).
Before the reaction, no charge transfer was observed to the surface, thus the band structure was not affected by a proximity with the acid (see figure S9 ). In contrast, the adsorption of O or OH affects the band gap, as expected (see band structures in figure S10 ). Both cases cause the red shift; it is about 0.4 eV for the oxygen adsorption case, and it seems to be a multi-excitation between many impurity states for the surface reaction with -OH. However, the oscillator strengths need to be further investigated with more advanced methods, in order to find which optical transitions are active. Absorption Measurements. Absorption spectra were recorded using Jasco V-670 spectrophotometer.
X-ray photoelectron spectroscopy (XPS).
The electronic structure and chemical state of the Rb 6 Pb 5 Cl 16 NCs were characterized by the X-ray photoelectron spectroscopy (XPS).
The XPS measurements were done using a Kratos Axis Ultra X-ray photoelectron spectrometer (Karatos Analytical Ltd., Manchester, U.K.). Spectra were acquired using an Al Kα monochromatic radiation source (1486.7 eV) with 90° take-off angle (normal to analyzer). The vacuum pressure in the analyzing chamber was maintained at 2×10 −9 Torr.
The XPS spectra were collected with pass energy 20 eV and step 0.1 eV. The binding energies were calibrated relative to the C 1s peak energy position as 285.0 eV. Data analyses were done using Casa XPS (Casa Software Ltd.) and the Vision data processing program (Kratos Analytical Ltd.).
Surface photovoltage spectroscopy (SPS). Work function (WF) measurement was
performed using the SKP5050-SPS040 system. The contact potential difference (CPD) between the sample and the vibrating tip was measured by the Kelvin probe technique. The sample was measured in a Faraday cage under air environment in three different points.
Before the measurement, the sample was stabilized with a tip for about 15 minutes. The scan direction was from long to short wavelength. The WF was calculated according to: 123456 = 784 + . The WF function of the tip was calibrated above the gold stage.
Density functional theory (DFT).
The pseudopotential based plane-wave code, named Quantum ESPRESSO 32 , was used for the DFT calculations. We have our pSIC implementation 33 in the above package. The band structures were accurately interpolated via the matrix elements of the Hamiltonian between the maximally-localized Wannier functions 34 obtained with the wannier90 code 35 . The formation energies were calculated from the total energies of the substrates and the final atomic configuration, via the formula:
E form = E total (surface+adsorbate) -E total (surface) -E total (adsorbate). The hole and electron effective masses were estimated from the densely interpolated bands at the VBT and CBM, respectively, via the equation 
